Introduction
Thyroid cancer is a rare disease where the tumor is located within the thyroid gland. [1] [2] [3] Currently, thyroid cancer is mainly treated by surgery and radioiodine therapy (I-131 therapy) due to the excessive need for absorption and concentration of iodine in thyroid cells. [4] [5] [6] Besides surgery and radioiodine therapy, chemotherapy -although uncommonly used for the treatment of thyroid cancer -could be used in combination with external beam radiation therapy for anaplastic thyroid cancer and other advanced cancers that are untreatable by other treatments. 7, 8 One major obstacle in thyroid cancer treatment is the specific delivery of the required drug to the thyroid gland, making drug delivery extremely essential and critical in this particular cancer.
It is well known that the thyroid-stimulating hormone receptor (TSHr), a glycoprotein G-protein-coupled receptor, is overexpressed in the plasma membrane of thyrocytes, especially in aggressive thyroid tumors. [9] [10] [11] [12] [13] TSHr can specifically bind the thyroid-stimulating hormone (TSH). This specific binding behavior of TSHr with TSH can be adapted for generating a nanoparticle (NP) drug-delivery system to target thyroid cancer. 14, 15 Indeed, liposomes with gemcitabine and lipid/polymer NPs with cisplatin were developed and TSH was introduced onto these NPs for targeting thyroid cancer. Elevated anticancer effect and increased thyroid localization of the NPs were reported. [14] [15] [16] However, to further reduce the side effects but to increase the therapeutic efficacy of NPs, triggered release of the anticancer drug is much more desirable.
Preparation of siO 2 /Dox and Tsh-siO 2 
/Dox
Pegylating of the siO 2 NPs (siO 2 
@Peg)
First, SiO 2 (5 mg) with NH 2 groups on the surface was dispersed in water in a flask, to which mPEG-NHS (20 mg) was added. The reaction mixture was stirred for 6 h and subjected to dialysis against water in a dialysis bag (molecular cut-off 3,000 Da).
synthesis of Dox-cOOh
Doxorubicin hydrochloride (5 mg) was dissolved in dry dimethyl sulfoxide (DMSO) at room temperature in a dry glass bottle. Hereafter, 5 µL trimethylamine and cis-aconitic anhydride (1.3 mg) were added with stirring. The reaction mixture was stirred overnight and left for conjugation with SiO 2 NPs without further purification.
Preparation of Dox-loaded siO 2 NPs (siO 2 
@Dox)
The DMSO solution containing Dox-COOH prepared in the previous step was used directly for 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide and n-hydroxysuccinimide (EDC/NHS) activation. EDC (3.2 mg) and NHS (2 mg) was added to the Dox-COOH solution for 2 h. The activated Dox-COOH was further poured into the SiO 2 @PEG solution purified by dialysis. The reaction mixture was stirred for 6 h and subjected to ultracentrifugation and washing several times with phosphate buffered saline (PBS) to remove the un-reacted Dox-COOH. The unreacted Dox-COOH was collected and quantified by UV-Vis spectrometry.
Preparation of Tsh-targeted Dox-loaded siO 2 NPs (Tsh-siO 2 @Dox)
The preparation of TSH-SiO 2 @Dox was similar to that of un-targeted SiO 2 @Dox. A difference is in the preparation of SiO 2 @PEG. During the preparation process, instead of using only mPEG-NHS, both PDP-PEG-NHS (2 mg) and mPEG-NHS (18 mg) were used. The conjugation of Dox is the same. The unreacted Dox-COOH was collected and quantified by UV-Vis spectrometry. To conjugate TSH to the NPs, they were first treated with 50 mM dithiothreitol (DTT) solution for 30 min. To remove the free DTT, the NPs were ultracentrifuged and washed several times. Thereafter, TSH was added into the solution for ligand conjugation. The NPs thus prepared were collected by ultracentrifugation, and the unconjugated TSH was removed by washing away. The unconjugated TSH could be quantified by enzyme-linked immunosorbent assay (ELISA).
characterization of NPs by dynamic light scattering (Dls) and transmission electron microscopy (TeM)
The size and zeta potential of the NPs prepared was measured by Zetasizer ZS Nano (Malvern Instruments, Malvern, Worcestershire, UK). The morphology of the NP was observed using a JEOL JEM-200CX instrument (JEOL, Tokyo, Japan).
acid-triggered release of Dox from the NPs
The release of Dox from the NPs was performed using a dialysis method: 5 mL TSH-SiO 2 /Dox at a known Dox concentration was put into a dialysis bag (molecular cut-off 3,000 Da). The dialysis bag was thoroughly sealed against any leakage. To monitor the release of Dox, two buffered solutions were used. One was acetate-buffered solution at pH 5.0 and the other was PBS at pH 7.0. The dialysis bag was dialyzed against 50 mL of buffered solution. At a preferable time point, 300 µL of solution was collected for UV-Vis absorbance measurement. The cumulative Dox release was calculated. 
cell lines
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Targeting thyroid cancer with acid-triggered release of doxorubicin TSH-SiO 2 /Dox at 5 µg Dox/mL were added to the wells, respectively, with PBS as a control. After 3 h, the cells were thoroughly washed by PBS three times and then the cells were trypsinized and collected and fixed by 4% paraformaldehyde. The fluorescence from Dox can be measured by flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA) gated by the PBS-treated group.
competitive uptake inhibition of TshsiO 2 @Dox by blocking with free Tsh CHO/TSHr + cells were seeded in six-well plates at 0.5 million cells per well overnight. Prior to NP treatment, free TSH (10 µU/mL) was added to each well to block the surface TSHr. Thereafter, SiO 2 /Dox and TSH-SiO 2 /Dox at 5 µg Dox/mL were added to the wells, respectively, with PBS as a control. After 3 h, the cells were thoroughly washed by PBS three times and then trypsinized and collected before fixation by 4% paraformaldehyde. The fluorescence from Dox can be measured by flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA), gated by the PBS-treated group.
Tsh-siO 2 @Dox by flow cytometry and confocal laser scanning microscopy
To study the co-localization of the NPs and the drug Dox, NPs were first labeled with 5′-FAM by incubating with 5′-FAM-NHS. Un-reacted 5′-FAM was washed away by ultracentrifugation. FTC-133 cells were seeded in six-well plates at a density of 0.5 million per well. Cells were then treated with TSH-SiO 2 /Dox/5′-FAM, with PBS as a control. After 3 h, the cells were thoroughly washed by PBS three times and then trypsinized and collected prior to being fixed by 4% paraformaldehyde. The fluorescence from Dox (red) and 5′-FAM (green) can be measured by flow cytometry (BD Biosciences).
To study the co-localization of Dox (red) and the NPs by 5′-FAM (green), confocal laser scanning microscopy was used. FTC-133 cells were seeded in six-well plates with a cover slide at a density of 0.2 million per well. Cells were then treated with TSH-SiO 2 /Dox/5′-FAM. After 3 h, the cells were thoroughly washed by PBS three times and stained by Hoechst 3342, fixed by 4% paraformaldehyde. The co-localization of drug and NPs can be visualized by Dox (red) and 5′-FAM (green) via confocal laser scanning microscopy (FLV-1200).
In vitro cytotoxicity study
FTC-133 cells were seeded in 96-well plates overnight. The cells were then treated with free Dox, SiO 2 @Dox, and TSH-SiO 2 @Dox at a preferable drug concentration. After 72 h, 10 µL of 5 mg/mL MTT solution (PBS) was added into each well. After incubation for 4 h, 100 µL acidified sodium dodecyl sulfate solution was added into each well. Overnight, the absorbance at 570 nm of each well was read by a microplate reader. Background absorbance at 650 nm was also read and subtracted.
colony formation assay FTC-133 cells were seeded in six-well plates at a density of 2,000 cells per well overnight. Cells were then treated with free Dox, SiO 2 @Dox, and TSH-SiO 2 @Dox at a concentration of 0.05 µM. The cells were then left to grow for 2 weeks. Colonies were fixed with glutaraldehyde (6.0% v/v) and stained with crystal violet (0.5% w/v) for 30 min. The cells were then thoroughly washed by water. The colonies were counted using a stereomicroscope. apoptosis FTC-133 cells were seeded in six-well plates at a density of 0.5 million cells per well overnight. Cells were then treated with free Dox, SiO 2 @Dox, and TSH-SiO 2 @Dox at a concentration of 10 µM for 24 h. Cells were then washed by PBS three times, trypsinized, and stained by an Annexin-V/ fluorescein isothiocyanate apoptosis kit (Abcam, Cambridge, UK). The apoptosis was measured by flow cytometry.
Use of animals
The animal study was approved by the Bai Qiu En Medical Committee on Animal Use of the China-Japan Union Hospital and was carried out in accordance with the ChinaJapan Union Hospital animal protocol and guidelines (2016SSH0816) for the welfare and ethics of experimental animals. All animals were grouped and housed in cages, provided free access to standard diet and water, and raised under constant conditions.
In vivo anticancer efficacy study
NOD SCID mice were used to develop the thyroid cancer model. FTC-133 cancer cells at a density of 2 million were subcutaneously injected into the right flank of mice. When the tumor grew to ~200 mm 3 , treatment was started. Mice were randomly grouped into four groups, with six mice in each group (n=6). They were treated with PBS (control), free Dox, SiO 2 @ Dox, and TSH-SiO 2 @Dox at a dose of 5 mg Dox/kg body weight. Mice were treated at days 0, 6, and 12. Tumor size was measured by callipers, and body weight was monitored every 2 days. The tumor size was calculated by the equation: [40] [41] [42] where V is the volume of tumor, L and W are the longest and shortest diameter of the tumor, respectively. At the end of the study, tumors in each group were collected and weighed. For the cardiotoxicity study by crea tinine kinase (CK) measurement, healthy 4-to 6-week-old Balb/c mice were purchased. Mice were randomly grouped into four groups with three mice in each group (n=3). They were treated with PBS (control), free Dox, SiO 2 @Dox, and TSH-SiO 2 @Dox at a dose of 5 mg Dox/kg body weight. Mice were treated at days 0 and 6, killed after 2 weeks, and blood samples were collected.
statistical analyses
Data are expressed as mean ± standard deviation (SD). Statistical analysis was performed using the Student's t-test. Significance is defined as by # P0.05, *P0.05, **P0.01, and ***P0.001.
Results and discussion
Here, we describe a silicon dioxide NP for acid-triggered release of Dox for thyroid cancer therapy. Following a wellreported strategy, Dox was firstly conjugated to cis-aconitic anhydride and this Dox prodrug (Dox-COOH) 26 was further conjugated to a PEGylated silicon dioxide NP (SiO 2 ). For thyroid targeting, TSH was linked to NPs via disulfide bond formation (Scheme 1). The TSH-SiO 2 @Dox thus prepared then showed excellent targeting to the thyroid cancer, with enhanced cytotoxicity and antitumor effect in vivo.
Initially, TSH-SiO 2 @Dox NPs were characterized by TEM and DLS. Representative images and curves are shown in Figure 1A and B. TSH-SiO 2 @Dox-NPs were spherical in morphology, with a mean diameter of 35 nm on TEM. DLS showed that TSH-SiO 2 @Dox-NPs measured 68 nm in diameter, corresponding to the TEM result. The size discrepancy between TEM and DLS may be due to the dried samples for TEM as compared to the more stretched NPs tested in solution for DLS. By monitoring the UV-Vis absorbance of Dox in the washed-away supernatant, we calculated the drug loading of Dox in the final TSH-SiO 2 @Dox-NPs as 3 w/w% and loading efficiency at 45.4%. Moreover, following a similar method, the TSH loading was ascertained as 0.25 w/w% by ELISA. Acid-responsive drug delivery would be beneficial for cancer therapy due to the acidic tumor microenvironment. [27] [28] [29] [30] To show the acid-triggered release of Dox from the NPs, TSH-SiO 2 @Dox-NPs were put into dialysis bags (molecular weight cut-off 3,500 Da) and then incubated in acetate-buffered solution (pH =5.0) and phosphate-buffered solution (PBS; pH =7.4), respectively. These two pH values at 5.0 and 7.4 could simulate the pH values in the blood circulation 31 and within tumor cells.
32,33
The cumulative release of Dox outside the dialysis bag was then measured by a UV-Vis spectrometer. As shown in Figure 1C , rapid release of Dox at pH 5.0 was achieved. However, at pH 7.4, even at 72 h, ~40% loaded Dox was released. The fast release of Dox at pH 5.0 can be attributed to the acid-responsive linkage between Dox and cis-aconitic acid. The slow release of the drug at pH 7.4 as well as the triggered release of payload at pH 5.0 could be beneficial for avoiding premature release, prolonging the blood circulation half-life (t 1/2 ) and eventually delivering more drug to tumor sites. To show the possible targeting effect of TSH-SiO 2 @ Dox NPs, the uptake of NPs on Chinese hamster ovary (CHO) cells, both without (CHO/TSHr − ) and with (CHO/ TSHr + ) TSHr, was monitored by flow cytometry through monitoring the fluorescence from Dox. Results in Figure 2A and B showed that the cellular uptake of TSH-SiO 2 @Dox NPs was greater than that of SiO 2 @Dox NPs and on CHO/ TSHr + . However, this was almost the same on the CHO/ TSHr − cells, suggesting TSHr-dependent uptake. To further show the specific binding of TSH-SiO 2 @Dox NPs onto the CHO/TSHr + cells, free TSH was added to the CHO/TSHr + cells to competitively bind to the TSHr and the cell uptake was also tested. Results in Figure 2C demonstrated that, in the presence of a competitive inhibitor of free TSH, the uptake of SiO 2 @Dox and TSH-SiO 2 @Dox was almost similar, further supporting TSHr-dependent targeting of TSH-SiO 2 @Dox. To visualize the uptake of TSH-SiO 2 @Dox NPs, imaging of the FTC-133 thyroid cancer cells by confocal laser scanning microscopy (CLSM) was performed ( Figure 3A) . To visualize the drug Dox (red fluorescence) and the NP simultaneously, the NP was labeled by 5′-FAM (green). Hoechst 33342 stained the cell nucleus (blue). The co-localization of the red and green fluorescence in the cell plasma confirmed the simultaneous uptake of NP with Dox. To quantify this, the uptake of the 5′-FAM-labeled TSH-SiO 2 @Dox NPs by flow cytometry ( Figure 3B ) showed time-dependent internalization of the NPs of both 5′-FAM (green) and Dox (red) from 30 min to 3 h, denoting the simultaneous uptake of NPs with Dox. This simultaneous uptake indicates the stability of NPs, with minimal release of Dox before they entered the cells.
To further study the anticancer drug efficacy in vitro, an MTT assay on FTC-133 thyroid cancer cells was performed on Dox, SiO 2 /Dox, and TSH-SiO 2 /Dox ( Figure 4A SiO 2 /Dox, and TSH-SiO 2 /Dox on FTC-133 cells were 2.32, 0.96, and 0.32 µM, respectively. Targeted NPs TSH-SiO 2 / Dox increased the potency of Dox ~7.3-fold, whereas this was only ~3-fold for the non-targeted NPs SiO 2 /Dox, clearly suggesting the benefit of TSH targeting. Subsequently, clonogenic assay assessment of the reproductive viability and colony-forming ability was performed on cells treated with Dox, SiO 2 /Dox, and TSH-SiO 2 /Dox, with PBS as a control. As shown in Figure 4B , all drug-treated groups including Dox, SiO 2 /Dox, and TSH-SiO 2 /Dox showed less formation of colonies. Moreover, TSH-SiO 2 /Dox had less colonies than Dox-and SiO 2 /Dox-treated cells, further indicating the greater potency of TSH-SiO 2 /Dox via tumor targeting.
Doxorubicin acts through topoisomerase II inhibition and free radical generation, eventually inducing apoptosis. 34 To compare the apoptosis-inducing effect of Dox, SiO 2 /Dox, and TSH-SiO 2 /Dox, FTC-133 thyroid cells were treated with these drugs at an equal concentration of Dox. As shown in Figure 4C and D, Dox induced an apoptosis rate of 29.6%, whereas this was 45.3% and 79.0% for SiO 2 /Dox and TSH-SiO 2 /Dox respectively, indicating the advantage of TSH-SiO 2 /Dox over Dox and SiO 2 /Dox.
Finally, to show the benefits of TSH-mediated targeting of TSH-SiO 2 /Dox on the thyroid cancers, an FTC-133 subcutaneous xenograft model was established. Mice were intravenously injected three times (days 0, 6, and 12) with either PBS or the agents Dox, SiO 2 @Dox, and TSH-SiO 2 / Dox respectively. The drug Dox dose for mice was 5 mg Dox/kg body weight. Subsequently, the tumor burden and relative body-weight change were monitored every other day. At day 21, the mice were euthanized and the tumors in each group were collected and weighed. As shown in Figure 5A tumors in PBS-treated mice grew very rapidly. At the end of this study, tumor size was 3,500 mm 3 . Dox-treated mice showed lesser tumor growth compared to the PBS group; at the endpoint, tumor size was ~1,500 mm 3 . However, SiO 2 @ Dox showed a slightly better antitumor effect in the FTC-133 cancer model. Last, but not the least, tumor growth in the TSH-SiO 2 /Dox-treated mice was almost arrested. This result indicated the greater tumor inhibitory ability of TSH-SiO 2 / Dox. This is possibly due to the targeting effect of TSH on the NPs. Conventional chemotherapeutic agents are known to bring great side effects to animals and human beings. To assess side effects caused by drug treatment, the body weight of the mice in each group was monitored. As shown in Figure 5B , the body weight of the PBS-treated group increased. To quantify antitumor efficacy, at the end of study, all mice were sacrificed and the tumors were collected. The mass in each group is shown in Figure 5C . Mice treated with Dox showed a mean tumor weight of 2.3 g, compared to that of 4.23 g in mice treated with PBS. TSH-SiO 2 /Dox-treated mice showed a tumor weight of 0.78 g, which was 1.45 g that of the SiO 2 /Dox-treated group, indicating better antitumor efficacy.
Doxorubicin is known to cause cardiotoxicity. [35] [36] [37] [38] To unveil whether the NP formulation shifts toxicity, blood CK values were evaluated in the mice treated with PBS, Dox, SiO 2 @Dox, and TSH-SiO 2 /Dox, respectively. As shown in 
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Targeting thyroid cancer with acid-triggered release of doxorubicin The body weight change of the mice is shown in B. At the end of this study, mice were sacrificed and tumors were collected and weighed (C). cardiotoxicity as indicated by the cK is shown in D. Significance is defined by *P0.05, **P0.01, and ***P0.001. Abbreviations: cK, crea tinine kinase; Dox, doxorubicin; NP, nanoparticle; PBs, phosphate buffered saline; sD, standard deviation; siO 2 , silicon dioxide; Tsh, thyroidstimulating hormone. Figure 5D , Dox-treated mice showed significantly higher CK values, indicating greater cardiotoxicity. However, both SiO 2 @Dox-and TSH-SiO 2 /Dox-treated mice showed lower CK values, which are comparable to those in PBS-treated mice group. This indicated the lower cardiotoxicity induced by these two treatments, suggesting the ability of SiO 2 NP to reduce toxicity.
Conclusion
Here we showed the possible targeting 39 of thyroid cancer by constructing a TSH-loaded NP delivery system with Dox. By introducing an acid-liable linker between Dox and the NP, acid-triggered release of Dox was achieved. TSH can be attached onto the surface of the NPs by disulfide bond formation. This TSH-SiO 2 /Dox preferentially accumulates in the TSHr + cells for targeting thyroid cancers. We then showed cancer targeting by confocal laser scanning microscopy as well as better in vitro anticancer efficacy of TSH-SiO 2 /Dox over free Dox and non-targeted NPs. This enhanced efficacy was further proved by a greater ability to inhibit the cancer cell colony-formation assay and elevated apoptosis. Further in vivo evaluation of TSH-SiO 2 /Dox confirmed the possible targeting effect of TSH-SiO 2 /Dox on thyroid cancers, with better tumor inhibition rate and lower toxicity, which opens the door for the treatment of thyroid cancer in the clinic.
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